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Abstract: The scientific community believes that high-quality, bulk layered, semiconducting single
crystals are crucial for producing two-dimensional (2D) nanosheets. This has a significant impact
on current cutting-edge science in the development of next-generation electrical and optoelectronic
devices. To meet this ever-increasing demand, efforts have been made to manufacture high-quality
SnS2 single crystals utilizing low-cost CVT (chemical vapor transportation) technology, which allows
for large-scale crystal production. Based on the chemical reaction that occurs throughout the CVT
process, a viable mechanism for SnS2 growth is postulated in this paper. Optical, XRD with Le
Bail fitting, TEM, and SEM are used to validate the quality, phase, gross structural/microstructural
analyses, and morphology of SnS2 single crystals. Furthermore, Raman, TXRF, XPS, UV–Vis, and PL
spectroscopy are used to corroborate the quality of the SnS2 single crystals, as well as the proposed
energy level diagram for indirect transition in the bulk SnS2 single crystals. As a result, the suggested
method provides a cost-effective method for growing high-quality SnS2 single crystals, which could
lead to a new alternative resource for producing 2D SnS2 nanosheets, which are in great demand for
designing next-generation optoelectronic and quantum devices.

Keywords: tin disulfides; chemical vapor transport; high-quality; large scale; single crystal

1. Introduction

Layered metal dichalcogenide semiconductors [1–14] have recently gained intensive
interest worldwide due to their remarkable electrical, thermal, mechanical, and optical
properties [15–18]. As a result, they have shown potential applications in various fields
including field-effect transistors (FETs) [19,20], photodetectors [21], solar cells [22], sensors,
and flexible devices [23]. Among them, tin disulfide (SnS2) is a layered semiconductor with
a distinctive crystal structure in which tin atoms are sandwiched between two layers of
hexagonally packed sulfur atoms, with strong covalent connections connecting in-plane
Sn-S bonds and van der Waals forces weakly coupling S-Sn-S layers. Due to its wide
bandgap (~2.2 eV), layered structure, high absorption coefficient (105–106 cm−1), large
carrier mobility (230 cm2 V−1 s−1) [24–26], earth abundance, and environmentally friendly
nature, tin disulfide (SnS2) is very popular in electronic [27–29], optoelectronic [30–33],
and energy storage and conversion applications [34–36]. It is a good contender for FETs,
integrated logic circuits, and photodetectors [25,37,38] due to its wide bandgap, which may
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allow it to benefit from suppressing drain to source tunneling for short channels. SnS2-
based photodetectors, in particular, demonstrate outstanding responsivity, a large on/off
ratio, quick response, and strong stability, making them highly promising for optoelectronic
applications [25]. Monolayer SnS2, with its high mobility [39] and quick photocurrent
response [40–42], has recently been shown to be competitive and promising for electrical
and optical devices. SnS2 also has an adjustable bandgap in the visible region, similar to
MoS2, with thicknesses spanning from bulk to monolayer ranging from 2.0 to 2.4 eV, but it
is an indirect bandgap semiconductor at all thicknesses. SnS2, like MoS2, has broadband
absorption properties with absorption characteristics at 1550 nm [43,44], necessitating a
thorough investigation of their optical performance, which is still in its infancy. The broad
bandgap range of SnS2 has enormous potential in electrical applications [45].

Material properties vary extensively with the preparation method and, consequently,
morphology and microstructures. Single crystals of tin disulfide have been grown using
the Bridgman method and chemical vapor transport [46,47]; thin films can be created using
chemical vapor deposition [47], chemical bath deposition [48], atomic layer deposition [49],
electrodeposition [50], the sulfurization of tin films [51], solid-state multilayer synthesis [52],
and successive ionic layer adsorption and reaction [53]. The chemical vapor transport
(CVT) method offers several advantages over the Bridgman method for the growth of
single crystals of tin disulfide (SnS2). The CVT method for growing SnS2 single crystals
offers advantages in terms of lower growth temperatures, enhanced control of vapor
composition, scalability, reproducibility, versatility in growth techniques, and reduced
contamination. The CVT method allows for crystal growth at lower temperatures compared
to the Bridgman method because it utilizes volatile species that can be transported at lower
temperatures in the form of gas or vapor. In addition, lower growth temperatures can
reduce thermal stresses and minimize the occurrence of crystal defects, leading to higher
crystal quality. Moreover, in CVT, the transporting agent can be precisely controlled to
optimize the vapor composition during crystal growth. By adjusting the composition
of the transporting gas or vapor, it is possible to influence the growth kinetics, crystal
structure, and impurity incorporation. This level of control can result in better crystal
quality and desired properties of the SnS2 single crystals. Compared to the Bridgman
method, the CVT method often involves a closed system or sealed ampoule, which helps in
minimizing contamination from external sources during crystal growth. This controlled
environment reduces the likelihood of impurities being incorporated into the crystal lattice,
resulting in higher-purity single crystals. These advantages make CVT a widely used
and effective approach for producing high-quality SnS2 crystals for various scientific and
technological applications. Chemical vapor transport is one of the most widely used
methods for producing massive and high-quality SnS2 single crystals. The CVT method
allows for the growth of high-quality single crystals by providing a controlled vapor
transport process. The use of a transporting agent facilitates the formation of volatile
compounds, lowering the required temperatures for vaporization and crystal growth.
The precise control of temperature, pressure, and composition during the CVT process
enables the production of massive, high-quality SnS2 single crystals suitable for various
applications. Schäfer was the one who first put forth CVT as a means of vaporizing metals
at lower temperatures by producing a volatile chemical intermediate [54]. Iodine has been
demonstrated to be the best carrier agent for tin [55], and it has been effectively used with
copper zinc tin sulfide (CZTS) single crystals [56].

Growing single crystals in the laboratory and subsequently preparing thin films or
crystals from them using various methods, such as mechanical exfoliation, the solution-
processed method, and so on, is a preferred approach due to its cost-effectiveness, control
over crystal quality, tunable thickness and lateral size, scalability, and versatility. These
advantages make it an attractive method for obtaining high-quality nanocrystals/sheets,
such as SnS2, on a large scale while allowing for customization to meet specific application
requirements. The primary goal of this study, as stated in this article, is to use the CVT
approach to grow high-quality and large-scale SnS2 single crystals.
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2. Materials and Methods
2.1. Experimental Details

The iodine vapor transport technique was employed for the growth of the single
crystals of SnS2. For growing a single crystal of SnS2, the stoichiometric proportion of the
pure elements Sn and S was placed inside a sealed quartz tube. A quartz tube with an
inner diameter of 1.5 cm and a length of 20 cm, and a bore constriction of 2 to 3 mm at
the end of sealing was used. A little amount of iodine (0.2 g) was kept inside the tube as
a transporter [55]. An amount of 1.30 g of Sn (99.99% purity; Sigma-Aldrich, St. Louis,
MO, USA) and 0.70 g of S (99.998% purity; Sigma-Aldrich) were taken for the growth of
SnS2. The quartz tube was evacuated to a pressure of 10−5 torr using an oil diffusion pump
and then sealed by placing the lower portion of the tube in a liquid nitrogen bath to avoid
any material volatilization or sublimation during the sealing process. The charged sealed
ampoule was then placed in a two-zone furnace with the charged and sealed ends facing
hotter and cooler zones, respectively. The furnace presents a temperature gradient along
the axis and several hours (41 h) of reactions resulted in the growth of a single crystal of
SnS2 at the colder empty end of the ampoule. The reaction zone (T1) was held at 963 K, the
growth zone (T2) was kept at 823 K, and the furnace was run for 41 h. Large crystals of
typically flaky forms grew and gathered near the colder end of the ampoule during this
time. The furnace was turned off and allowed to cool to a normal temperature once the
reaction was completed. The ampoule was cut down and the crystals were removed for
further processing.

2.2. Characterizations

The X-ray diffraction (XRD) pattern was recorded using a PANalytical Empyrean
instrument, which is equipped with a 2D detector and a graphite monochromator and has a
Cu-Kα1 beam (wavelength ~1.54056 Å). The XRD patterns of the as-grown SnS2 flakes were
studied to establish their gross structure. The VESTA software was employed to generate
the crystal structure. A Renishaw inVia spectrometer with the excitation wavelengths of
355 and 514 nm lines of a continuous UV and green laser, respectively, was used to perform
micro-Raman spectroscopy in a z-backscattering geometry. A 50× objective (long working
distance) with a numerical aperture close to 0.75 was utilized to focus the laser on the
sample surface. All of the tests were completed at room temperature (RT). The FEI Tecnai
G2 was used to capture transmission electron micrographs and SAED data (accelerating
voltage: 200 kV). A modest amount of SnS2 crystals were sonicated in ethanol for 1 h
before being drop-casted onto a carbon grid for sample preparation. Finally, under the
light of a table lamp, the sample was dried. An X-ray total reflection spectrometer fitted
with a Mo-Kα radiation source was used to perform total reflection X-ray fluorescence
(TXRF) measurements. The ratio of tin and sulfur, L, and K lines, respectively, was used to
determine the elemental composition of the SnS2 crystals. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on an Al Kα X-ray PHI VersaProbe III instrument.
The C 1s peak at 284.5 eV, which was caused by adventitious carbon, served as the reference
point for all binding energies in the XPS spectra. The photoluminescence (PL) spectrum was
obtained using the micro-Raman spectrometer with an excitation wavelength of 355 nm, as
the inVia confocal Raman microscope is capable of acquiring both Raman scattering and
PL. The photoluminescence spectra of the SnS2 crystals were investigated using a Horiba
Yvon FluroMax-4 Spectrofluorometer equipped with a solid-state laser with a maximum
exciting laser power of 4 mW. The PL spectra of the SnS2 crystals were recorded using 10%
of the maximum laser power.

3. Results and Discussion

The CVT process is schematically represented in Figure 1a, with the red zone of the
furnace showing a higher temperature and the yellow zone showing a lower temperature.
The precursor chemicals were stored in a sealed ampule at the hotter zone in a stoichiometric
proportion with iodine, as indicated by the grey color. As illustrated in Figure 1, the furnace
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provided a temperature differential along the tubular axis, resulting in the growth of yellow
flaky crystals in the colder zone after many hours of chemical reaction (Figure 1a). With the
help of iodine, tin from the precursor migrated to the cooler ends and created tin iodide,
as shown in Equation (1). Further, di-iodide (SnI2) dissociated into tetraiodide (SnI4) and
SnS2 formed at the growth temperature (T2), as illustrated in Equation (2). Figure 1b shows
an optical image of the sealed ampule holding a large number of SnS2 single crystals with
lateral sizes ranging from 1 to 2 cm. Nearly all of the solid precursors were transformed
into crystals, and very high yields of SnS2 were crystals are obtained, as shown in Figure 1b.
The beauty of this process is that a tiny quantity of iodine transporter is enough to transport
very large amounts of the solid, because SnI4 cycles to the reaction end of the system
and reacts with additional dichalcogenide; this process continues until all the charge is
delivered to the growth zone.

2SnS2 + 2I2 
 2SnI2 + 2S2 (1)

2SnI2 + 2S2 
 SnI4 + SnS2 + S2 (2)
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Figure 1. (a) Schematic illustration of the CVT process, with the red zone of the furnace indicating
higher temperature and the yellow zone indicating lower temperature. (b) Optical picture showing
high yield of a single crystal of 1 to 2 cm in sealed ampule; (c) XRD pattern of a typical SnS2 single
crystal. Inset of (c) is the crystal structure of SnS2 crystal produced with VESTA software. (d) Le Bail
fitting of SnS2 single crystal and resulting lattice parameters along with space group (inset).

Once the SnS2 crystals were grown using the iodine-transported CVT technique, they
were further subjected to various characterizations to access their structural, morphological,
and optical properties. X-ray diffraction (XRD) is a powerful technique for characterizing
the crystal structure of materials, including SnS2 single crystals. The XRD pattern of
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SnS2 provides information about the crystal symmetry, lattice parameters, crystal quality,
and orientation. XRD was used to analyze the precise crystal structures of SnS2 crystals
(Figure 1c), which had (001) preferred orientation that was well indexed to the hexagonal
unit cell (JCPDS No. 23-0677) without the presence of other impurity phases. The XRD
pattern has a dominant peak at 2θ~15.06◦ that corresponds to the (001) orientation. A
few more peaks with less intensity can be observed at 30.33◦, 46.15◦, 63.01◦, and 81.54◦

that correspond to (002), (003), (004), and (005), respectively. The narrow width of the
strong peaks indicates that the as-grown SnS2 crystal has excellent crystallinity. The crystal
structure of the SnS2 crystal created using VESTA software is shown in Figure 1c (inset). Le
Bail fitting is a common method used to analyze X-ray diffraction (XRD) patterns and extract
crystallographic information. It involves fitting the experimental XRD pattern obtained
from a single crystal to a calculated or reference pattern, also known as the matching pattern.
The Le Bail fitting technique allows for the refinement of crystal structure parameters,
such as lattice parameters, atomic positions, and thermal factors, to achieve the best
match between the experimental and calculated patterns. Le Bail also fitted XRD patterns
(Figure 1d) to display the acquired single-crystal pattern and matching pattern. According
to the fitting patterns, the as-prepared SnS2 single crystal had a standard hexagonal crystal
structure with lattice constants of a = b = 3.64 Å, c = 5.90 Å, α = β = 90◦, and γ = 120◦, which
belongs to P-3m1 symmetry (space group 164). SnS2 single crystals grew preferentially
along the c-axis, demonstrating a preference for stacking in the (001) direction.

Performing Raman spectroscopy for SnS2 single crystals provides valuable information
about the vibrational modes and crystal structure of the material. SnS2 belongs to the
family of transition metal dichalcogenides (TMDs) and has a layered structure. The Raman
spectrum of SnS2 typically exhibits several prominent peaks corresponding to different
vibrational modes. Figure 2a demonstrates the Raman spectrum of the SnS2 single-crystal
taken in backscattering geometry, with the inset showing a magnified spectrum in the range
of 185 to 245 cm−1. A sharp and intense peak can be seen about 312 cm−1, with a weaker
peak around 212 cm−1. The A1g and Eg phonon modes of SnS2 are responsible for these
peaks, respectively. A1g is known as a singly degenerate active mode where two sulfur (S)
atoms move out of phase in respect of one another, although the tin (Sn) atom is stationary.
Here, “A” represents a nondegenerate mode and subscript “g” denotes the parity under
the inversion of the centrosymmetric space group. The peak Eg at 212 cm−1 arises due to
in-plane vibration, which has very weak intensity owing to the presence of fewer scattering
centers, and, hence, the Rayleigh scattering radiation is feeble [57–59]. Also, the sharp A1g
band also reveals the formation of a high-quality SnS2 single crystal. The Raman spectrum
confirms the growth of high-quality SnS2 with the 2H stacking of the SnS2 crystal produced
via the VESTA software. The schematic vibrational in-plane (Eg) and out-of-plane (A1g)
modes of SnS2 are shown in Figure 2b. Sn and S atoms are depicted by the red and green
spheres, respectively. The b and c direction are parallel and perpendicular to the substrate.

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
are powerful imaging techniques used to study the microstructure and morphology of
materials at different scales. Figure 3a is a TEM image of a typical SnS2 crystal, exhibiting
the flaky nature of the crystal. The SAED pattern of the SnS2 crystal is shown in Figure 3b,
demonstrating the hexagonal symmetry of the crystal. Further, the SAED pattern was
indexed with the help of Image J software; the first hexagonal ring corresponds to the (001)
plane. The result is in good agreement with the demonstrated XRD pattern. Scanning
electron microscopy (SEM) was also used to examine the morphology of the as-grown SnS2
single crystal. The top and cross-sectional-view SEM micrographs of the SnS2 crystal are
shown in Figure 3c,d. The top morphology was uniform and homogeneous with few cracks
and holes, as seen in Figure 3c. The SnS2 films were stacked over each other and formed
bulk geometry, as shown in Figure 3d. The SEM micrographs show the formation of bulk
SnS2 crystal geometries stacked regularly, as well as a fairly uniform surface morphology.
Total reflection X-ray fluorescence spectroscopy (TXRF) is an analytical technique used to
determine the elemental composition and concentration of trace elements in thin films,



Crystals 2023, 13, 1131 6 of 13

surfaces, and liquid samples. It is particularly useful for analyzing samples with low
concentrations of elements in the range of parts per billion (ppb) to parts per trillion (ppt).
The elemental composition of sulfur (S) at 2.0 to 2.5 keV and tin (Sn) at 3.0 to 3.8 keV can
be seen in the TXRF spectrum of the as-synthesized SnS2 crystal (Figure 3e). The SnS2
stoichiometry (S/Sn) was found to be ~2.67, which suggests the presence of an excess
of sulfur compared to the stoichiometric composition of SnS2. This might be due to the
presence of unreacted or impure sulfur left during the synthesis process.
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X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique
used to determine the elemental composition, chemical state, and electronic structure of
materials. It provides information about the surface chemistry of a sample by measuring
the energy distribution of photoelectrons emitted when the sample is irradiated with
X-rays. The composition of the as-grown SnS2 single crystal was characterized using XPS.
A representative high-resolution spectrum of the as-produced SnS2 crystal with binding
energies spanning from 0 to 1200 eV is shown in Figure 4a. A variety of peaks in the
broad spectrum, including S 2s, double S 2p, doublet Sn 3p, doublet Sn 3d, and Sn 4d,
were obtained, demonstrating the presence of Sn and S elements in the SnS2 crystal. The
peaks associated with C and O may have resulted from environmental contamination.
There were no other peaks in the spectra that corresponded to other elemental impurities.
The high-resolution XPS scans of the Sn 3d and S 2p peaks, respectively, are shown in
Figure 4b,c. Two peaks with binding energies of 486.25 eV and 494.65 eV, which correspond
to the Sn 3d5/2 and Sn 3d3/2 energy levels of Sn atoms in the Sn4+ valence state, respectively,
were found during a core-level scan of the Sn 3d doublet. Sn 3d5/2 and Sn 3d3/2 levels
have a maximal splitting energy of about 8.4 eV. The binding energies and spin energy
separations of Sn 3d doublets were comparable to those reported [60]. The XPS spectrum of
sulfur in the SnS2 single crystal provides valuable information about the electronic structure
and chemical environment of sulfur atoms in the material. The S 2p XPS spectrum typically
exhibits two major peaks: the S 2p3/2 and S 2p1/2 peaks, which correspond to the binding
energy of the sulfur 2p electrons. The S 2p3/2 peak represents the binding energy of the sulfur
2p3/2 electrons. This peak arises from the transitions of electrons from the 2p3/2 level to higher
energy states. The S 2p3/2 peak appears at a lower binding energy than the S 2p1/2 peak due
to spin–orbit splitting. The S 2p1/2 peak appears at a higher binding energy and is usually
less intense compared to the S 2p3/2 peak. It arises from the transitions of electrons from
the 2p1/2 level to higher energy states. The presence of a single-phase SnS2 in the as-grown



Crystals 2023, 13, 1131 7 of 13

SnS2 crystal was confirmed by the presence of two peaks (Figure 4c) with binding energies of
162.50 eV and 161.35 eV, respectively, that correspond to the S 2p1/2 and S 2p3/2 energy levels
of S atoms in the Sn2− valence state. The interpretation of these peaks suggests that the S
atoms in SnS2 are bonded to Sn atoms in the Sn4+ oxidation state, forming S2− − Sn4+ bonds.
This is consistent with the energies of the S2− − Sn4+ bond [60,61].
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UV–Vis (ultraviolet–visible) and PL (photoluminescence) spectroscopy are two com-
monly used techniques for characterizing the optical properties of materials, including
semiconductors, quantum dots, organic compounds, and nanoparticles. UV–Vis spec-
troscopy measures the absorption or transmission of light in the ultraviolet and visible
regions of the electromagnetic spectrum. It provides information about the electronic
transitions and energy levels of materials. Figure 5a shows the UV–Vis spectrum of a solid
SnS2 crystal recorded in absorbance mode over a broad wavelength range of 200–800 nm.
The converted Kubelka–Munk function ((αhυ)1/2) vs. photon energy (hυ) plot for SnS2
is shown in Figure 5b. The absorption coefficient α and photon energy (hυ) is related
by the equation:

(αhν)n = A(hυ − Eg) (3)

The absorption coefficient and optical bandgap are represented by α and Eg, respec-
tively. A is proportionality constant and n = 1/2 for indirect and n = 2 for direct bandgap
transitions. The intercept of the linear part on the photon energy axis provides the optical
bandgap and was found to be 2.15 eV in this case, which is similar to the bandgap reported
earlier [45,62].
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Photoluminescence (PL) is a spectroscopic technique used to analyze the spectrum
emitted by the radiative recombination of photoinduced minority carriers. It provides
insights into the photophysical processes, energy levels, and defects within the material.
The PL emission spectrum of a SnS2 crystal (Figure 6a) was measured at room temperature
in the wavelength range of 470 to 688 nm with an excitation wavelength of 355 nm. The
spectrum exhibits a strong and broad peak at around 572 nm, which correlates to red
emission. This peak (~2.16 eV) arises due to the radiative recombination of bound excitons
(electron–hole pairs) and this recombination of excitons occurs via the absorption of electron
present at higher excited energy levels. The measured spectrum matches the UV–Vis spectra
shown in Figure 5. The proposed energy band structure of the SnS2 crystal, derived from
the UV–Vis and PL spectrum data, is shown in Figure 6b. The SnS2 crystal absorbed energy
at 3.34 eV (355 nm), excited electrons to an exciting level below conduction, then relaxed to
a lower energy level, and ultimately emitted from a height of 2.15 eV (576 nm), returning to
the ground state.
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In a nutshell, the acquired results reignite our interest in not only producing large-
scale SnS2 single crystals, but also in further exploring the mechanical exfoliation of these
crystals to convert them into high-quality 2D SnS2 nanosheets, which is our next-level aim
for future research.
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4. Conclusions

In conclusion, large-scale and high-quality SnS2 single crystals with large lateral sizes
(up to 2 cm) were effectively grown using the iodine-transported CVT approach, and their
structural, microstructural, morphological, elemental, and spectroscopic investigations
were carried out. The formation of a highly crystalline standard hexagonal crystal structure,
with favored preferential orientation growth along the c-axis (001) and lattice constants
a = b = 3.64, c = 5.90, α = β = 90◦, and γ = 120◦, that conforms to P-3m1 symmetry was
characterized with X-ray diffraction (XRD) and fitted with the Le Bail tool (space group 164).
The Raman spectrum also validated the 2H stacking growth of high-quality SnS2 crystals.
The crystal’s flaky nature and hexagonal structure were highlighted via TEM and SAED
analysis. The bulk geometry of the SnS2 crystals stacked periodically, as well as an almost
uniform surface morphology, was seen in the SEM micrographs. The ratio of the Sn and S,
L, and K lines identified with TXRF was also used to calculate the elemental compositions,
which were found to be nearly consistent with the SnS2 stoichiometry. The XPS spectra
revealed the presence of Sn and S in the crystal along with a pure SnS2 phase. UV–visible
absorption was used to obtain the optical characteristics, which were validated with PL
spectroscopy, which yielded an optical bandgap of 2.15 eV. Based on the chemical reaction
involved, a SnS2 crystal grows in two stages: the transportation of the precursor with the
help of iodine, followed by crystal formation at a lower temperature. As a result, this
research contributes to a deeper knowledge of the growth of high-quality and large-scale
SnS2 single crystals, as well as their optical properties. This will be tremendously helpful
in the preparation of high-quality, tunable-thickness, and large-scale SnS2 nanosheets,
which will aid in the design and development of a variety of advanced optoelectronic and
photonic devices.
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